Superradiant and transport lifetimes of the cyclotron resonance in the
  topological insulator HgTe by Gospodaric, J. et al.
ar
X
iv
:1
90
4.
07
56
1v
1 
 [c
on
d-
ma
t.m
es
-h
all
]  
16
 A
pr
 20
19
Superradiant and transport lifetimes of the cyclotron resonance
in the topological insulator HgTe
J. Gospodaricˇ,1 V. Dziom,1 A. Shuvaev,1 A. A. Dobretsova,2
N. N. Mikhailov,2 Z. D. Kvon,2 and A. Pimenov1
1Institute of Solid State Physics, Vienna University of Technology, 1040 Vienna, Austria
2Rzhanov Institute of Semiconductor Physics and
Novosibirsk State University, Novosibirsk 630090, Russia
(Dated: April 17, 2019)
Abstract
We investigate the superradiance effects in three-dimensional topological insulator HgTe with
conducting surface states. We demonstrate that the superradiance can be explained using the
classical electrodynamic approach. Experiments using the continuous-wave spectroscopy allowed
to separate the energy losses in the system into intrinsic and radiation losses, respectively. These
results demonstrate that the superradiance effects are not sensitive to the details of the band
structure of the material.
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A. Introduction
The phenomenon of superradiance occurs when several emitters become coupled and,
as a consequence, they start to radiate coherently1,2. In such a case, the intensity of the
emitted radiation is strongly enhanced as it is scaled as a square of the number of sources
in contrast to simple proportionality without coherence. Superradiance was first predicted
theoretically by Dicke1 for an ensemble of two-level atoms and has been later on observed
experimentally in various materials3–5 and metamaterials6,7, see Ref. [8] for a review.
Recently, superradiant effects in two-dimensional electron gases (2DEGs) have been
brought into attention9–15. In the original Dicke model, the coherence is obtained because
single sources are within the distance smaller than the wavelength of the radiation. An
important difference especially compared to the case of the cyclotron resonance in 2DEGs
is that the size limitation is lifted in the latter case. The resonance of a single electron is
excited coherently by an incident electromagnetic wave. Therefore, independently of the
sample size, they re-emit a coherent secondary wave. We recall that the consideration of the
secondary waves is a standard procedure to calculate the interaction between electromag-
netic waves with matter16. In addition to the radiative losses, usual scattering processes,
like impurity scattering, contribute to the lifetime of the cyclotron resonance. In 2DEGs
the effects of the superradiance may be easily monitored experimentally, e.g. by varying the
temperature or gate voltage.
The main experimental procedure to investigate the superradiance in 2DEGs is based
on the time-domain terahertz spectroscopy9,11–13,15. Within this technique17 the cyclotron
resonance is excited by a short terahertz pulse and the free decay of the electronic system is
directly recorded in the time domain. Here we utilize an alternative approach of a continuous-
wave spectroscopy18 to the phenomenon of superradiance. This method is applied to the
three-dimensional topological insulator HgTe, where the electronic band structure deviates
from classical parabola due to the strong spin-orbit coupling.
Three-dimensional topological insulators (TI) represent a class of materials that are in-
sulating in the bulk but reveal conducting two-dimensional surface states19,20. The surface
states in TI have a non-degenerate Dirac-like dispersion with electron spin locked to the di-
rection of the momentum. In the 3D TIs based on HgTe quantum wells the inversion of the
Γ6 and Γ8 bands in the dispersion of the bulk HgTe leads to Dirac-like surface states at the
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interface. Applying strain with the CdTe/HgTe/CdTe structure forms an insulating gap21,22
(above 10 meV) between the light-hole and heavy-hole Γ8 bands, making the strained HgTe
a 3D TI. Since the Fermi level of the ungated sample lies in the bulk band gap between
the light-hole conduction and heavy-hole valence band, the electrodynamics of the system
is governed only by a 2D surface states, with negligible effects from the bulk carriers at
low-temperatures21,23. The Dirac-point of the surface states is presumed to be located deep
below the heavy-hole band24.
B. Experimental
The experiments were carried out on a strained 80 nm thick mercury telluride (HgTe)
layer sandwiched between the thin cap (top) and buffer (bottom) layers of Cd0.3Hg0.7Te. The
introduction of the indicated buffer layer in such samples results in a high electron mobility
of 4 × 105 cm2/Vs, which is the current record value for a 3D TI22. The quantum-well
structure was grown by molecular beam epitaxy on a (100)-oriented GaAs substrate25. The
film was covered on top by a multilayer insulator of SiO2/Si3N4 and a metallic 10.5 nm thick
Ti-Au layer, which acts as a semitransparent top-gate electrode and allowed the variation
of the charge density26,27.
The sample was investigated in a Mach-Zehnder interferometer28, which allowed us to
acquire the amplitude and the phase shift of the transmitted electromagnetic radiation in
parallel and crossed polarizer geometries26,29. Continuous monochromatic radiation was
produced by a backward-wave oscillators operating in the submillimeter regime (102GHz–
103GHz). The experimental results in this work were obtained at a fixed frequency of
208GHz in sweeping magnetic fields. Additional information about the charge carriers was
also obtained from the frequency-dependent spectra in zero magnetic field. Transmission
experiments were carried out at 2 K in a split-coil superconducting magnet that provided an
external magnetic field up to 7T in the Faraday geometry; i.e., a magnetic field was applied
along the propagation direction of the radiation.
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C. Spectra modelling
As extensively discussed previously, the superradiance effects in 2DEGs may be well
explained via the classical picture30–32. Indeed, although the cyclotron resonance is the
transition between quantized Landau levels, for not too high fields a quasi-classical approach
is sufficient33 because several levels take part in the transition process34. In this case the
cyclotron resonance is scaled linearly with the magnetic field regardless of the details of the
band structure. In the following, we reproduce briefly the main expressions describing the
cyclotron resonance in 2DEGs including the effects of the radiation losses (superradiance).
We consider a geometry with the external magnetic field and the propagation direction
of the incident wave being perpendicular to the film surface. The film is assumed to be
thin compared to the radiation wavelength inside the sample and, finally, in this section
we neglect the effect of the substrate for simplicity. We note that explicitly including the
dielectric substrate into account24,29,35 (see Section D) produces only marginal changes in
the spectra.
The classical equation of motion for an electron in a static magnetic field can be written
as:
dv/dt+
1
τ0
v −
e
m
v ×B =
e
m
Einte
−iωt. (1)
Here, B is the static external magnetic field, Eint is the ac electric field inside the sample, e
and m are the electron charge and cyclotron mass, respectively, and τ0 is the usual transport
scattering time that does not include the radiation losses. As usual for continuous wave
approach, we assume e−iωt time dependence of all ac fields. Note that Eq. (1) leads to the
standard Drude conductivity in magnetic fields; the diagonal and the Hall components of
the conductivity tensor can be written as:
σxx(ω) = σyy(ω) =
1− iωτ0
(1− iωτ0)2 + (Ωcτ0)2
σ0 (2)
σxy(ω) = −σyx(ω) =
Ωcτ0
(1− iωτ0)2 + (Ωcτ0)2
σ0 . (3)
Here, Ωc = eB/m gives the cyclotron resonance frequency, σ0 = ne
2τ0/m is the 2D static
conductivity and n is the 2D carrier density. The conductivity tensor σ connects the 2D
current in the film, j2D, with Eint as: j2D = σEint.
In order to explicitly include the radiation losses, Eint must be connected to the fields of
the electromagnetic waves outside the film. In the thin film approximation the electric field
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FIG. 1. Calculated amplitudes of parallel |tp| and crossed |tc| magneto-optical transmission at
ν = 208GHz using Eqs. (5,6). The spectra corresponds to a thin film with electronic carriers
with the cyclotron mass m = 0.02m0, scattering time τ0 = 2 × 10
−12 s, and with varied density
as indicated. The apparent width of the cyclotron resonance is determined by Γ = 1/τ0 + 1/τSR
(see text). At low 2D densities n the intrinsic scattering 1/τ0 determines the resonance width. By
increasing the density the superradiant decay becomes the dominating mechanism for the energy
loss in the film.
may be considered as homogeneous across the sample, i.e. E0+Er = Eint = Et. Here, E0 is
the field of the incident wave, which is taken as linearly polarized, and Er,Et are the reflected
and transmitted waves, respectively. The boundary condition for the magnetic fields in the
case of thin conducting film36 is obtained via Maxwell equation
∮
Hds =
∫∫
(∂D/∂t)dA
leading to the modified boundary condition for tangential magnetic fields on the left and
right sides of the film, respectively: Hl − Hr = σEint = j2D = nev. Substituting both
boundary conditions into Eq. (1) we obtain a modified equation of motion as a function of
the incident wave:
dv/dt+ (
1
τ0
+
1
τSR
)v −
e
m
v ×B =
e
m
E0e
−iωt , (4)
where 1/τSR = ne
2Z0/2m now takes into account the radiation losses explicitly. Here, Z0 is
the impedance of the free space. Equation (4) demonstrates that the losses in a thin film can
be represented as a sum of two contributions, given by the transport and radiative lifetimes.
5
After a usual algebra, Eq. (4) leads to well-known expressions for transmission through
the film24,29,35 that, e.g., in the geometry with parallel and crossed polarizers can be written
as:
tp = 1−
i
τSR
ω + iΓ
(ω + iΓ)2 − Ω2c
, (5)
tc =
1
τSR
Ωc
Ω2c − (ω + iΓ)
2
, (6)
where Γ = 1/τ0 + 1/τSR is the ”total” scattering rate.
Figure 1 shows the calculated parallel and crossed transmission spectra of a conductive
film with typical parameters (τ0 = 2× 10
−12 s, m = 0.02m0) at the frequency ν = 208GHz
and for varied electron densities. This frequency was taken to match that of the experiments.
It is clear that the nominators in Eq. (5) and Eq. (6) lead to a resonance-like form of the
transmission spectra at ω = Ωc and with the width determined by τ0 and τSR. Here, the
electron density n was the only varied parameter, while others, including the scattering time
τ0, were fixed. With the help of green and black arrows in Fig. 1, indicating the amplitude
of inverse τSR and τ0, we can see a direct correlation between the width of the resonance
with the ”total” scattering rate Γ. At low electron densities n the total scattering rate and,
consequently, the resonance width is characterized by intrinsic losses only. With increasing
n, the energy loss of the system becomes more and more dominated by radiative losses (see
data corresponding to n = 5×1015 m−2 in Fig. 1). It is important to note that the radiative
losses 1/τSR = ne
2Z0/2m do not add further free parameters to the experiment, because
the electron density and the cyclotron mass are independently determined via fitting the
transmission spectra as described in the next section.
D. Superradiance in HgTe
The implementation of the transparent metallic gate on top of the HgTe film enabled
us to systematically vary the 2D charge density in this system26,34,37. The voltage applied
to the gate ranged between −2V and +12V and resulted in magneto-optical transmission
spectra shown in Fig. 2.
The magnetic field-dependence in the whole gate voltage range is dominated by a strong
cyclotron resonance of the Dirac-like surface electrons located in the band gap29. These states
are mainly responsible for the Faraday rotation of the incident radiation. With increasing
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FIG. 2. Experimental amplitudes of parallel |tp| and crossed |tc| magneto-optical transmission at
ν = 208GHz through HgTe film on a GaAs substrate and for different gate voltages. Symbols:
experimental data, lines: model fit using the Drude model. Black arrows and wB represent the
apparent width of the resonance curves.
the gate voltage the response of such states becomes stronger, and the resonance is getting
broader. These spectra qualitatively resemble that in Fig. 1, where the broadening is due
to increased density only. In addition, for the gate voltage range between 1.5V and 9.0V
we observed the appearance of a second weaker signal (see double resonance response at 5V
in Fig. 2) that corresponds to effective masses of about 0.033m0. According to the band
structure calculation for the 3D HgTe films 24, we attribute this effect to the bulk conduction
band. Indeed, this effective mass agrees well with the cyclotron mass of thick unstrained
HgTe films 29,38 (m ≈ 0.03me). As the additional signal is weak, its properties do not affect
the present discussion.
The measured transmission spectra can be fitted well within a Drude model, Eqs. (2,3).
From the conductivity tensor one can obtain an explicit analytical formula for the trans-
mission matrix for the case of a thin film on a substrate that accounts for the Fabry-Pe´rot
interferences in the substrate (see Refs. [24, 34, and 35] for exact expressions). For each
applied gate voltage we simultaneously fit the field dependencies of the amplitude and the
phase shift of both, parallel and crossed transmissions, where n, τ0 and m, characterized by
the surface states, were set as free fitting parameters.
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FIG. 3. Parameters of the surface states obtained from fitting the experimental data in Fig. 2.
The effective mass m∗ (a), 2D density n (b) and the transport scattering time constant τ0 (c) are
plotted with respect to the applied gate voltage. (d) Solid circles: transport scattering rate 1/τ0
and radiative scattering rate obtained via 1/τSR = ne
2Z0/(1 + nCdTe)m. Solid squares: ”total”
scattering rate Γ as compared to the scattering rate calculated directly from the estimated widths
wB of the resonances in Fig. 2 (solid triangles).
The electrodynamic parameters of the surface charge carriers obtained from the fitting
of the magneto-optical data are shown in Fig. 3. As may be expected, the electron density
of the surface states in Fig. 3(b) roughly linearly increases with the gate voltage. On the
contrary, the cyclotron mass and the intrinsic scattering time τ0 show much weaker changes.
The surface cyclotron mass of about 0.027me is smaller but similar to the bulk mass in
HgTe 29. This similarity is due to strong hybridisation of the bulk and surface states 21.
The intrinsic scattering time τ0 experiences a maximum as a function of the applied
gate voltage, which we attribute to the competition of two scattering mechanisms39,40. At
first, increasing applied gate voltage causes scattering to decrease (increase of τ0) due to the
screening of impurities by higher electron density. The decrease of τ0 at higher densities (gate
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voltage above 5 V), where the impurity scattering weakens, is associated with the increasing
scattering on the fluctuations of the quantum well width. The resulting fluctuations of the
band gap create mass disorder for Dirac-like states in the system. The material parameters
in Fig. 3 (a-c) are sufficient to calculate the radiative losses via 1/τSR = ne
2Z0/(1+nCdTe)m,
a modified version of the formula presented in Section C, which also considers the HgTe
film being enclosed by vacuum on one side and the CdTe substrate with the refractive index
of nCdTe = 3.54 on the other side. The values thus obtained are plotted in Fig. 3 (d) as a
function of the electron density. We see that in the present experiment two regimes can
be obtained using the gate voltage, one being below n ≈ 3 × 1015 m−2 with a comparable
contribution from both mechanisms to the system losses (τ−10 ∼ τ
−1
SR ) and the other at higher
electron densities, where the radiative losses are dominant τ−10 < τ
−1
SR .
We recall that the width of the resonance curves (Figs. 1, 2) depends upon the total scat-
tering rate Γ. This fact is confirmed in Fig. 3 (d) directly comparing the total scattering rate
Γ (squares) with the width of the resonance ewB/m (triangles). We note a good agreement
between both data sets. These data demonstrate that internal and radiative losses can be
seen in the continuous-wave spectra directly. Finally, in the present experiments, the obvi-
ous broadening of the observed cyclotron resonance curves is purely due to the increase of
the radiative losses.
E. Conclusions
Using terahertz magneto-spectroscopy we investigated the cyclotron resonance in a three-
dimensional topological insulator HgTe with conducting surface states. From the analysis
of the complex transmission coefficients the radiative and transport lifetimes can be well
separated in the continuous-wave spectra. We have shown experimentally that at high
carrier densities the super-resonant radiation dominates the energy losses in the system and
they can be well explained via a classical electrodynamic picture. Within this approach, the
coherent emission is established via the coherent interaction of the incident radiation with
a thin-film sample that is not sensitive to the details of the band structure. These results
demonstrate that the superradiance in semiconducting thin films should be interpreted as a
fully classical effect.
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